Abstract. Since natural gas is mainly transported or supplied in a liquefied state under high pressure, BOG (boil off gas) is frequently generated due to the adiabatic relation outside the pipe. To reduce BOG, various studies are being conducted. Recently, vacuum-insulated pipes are mainly used. Thus, in this study, temperature distribution in a vacuum-insulated pipe was observed through thermal analysis with the pipe type and diameter as design parameters. Additionally, thermal analysis was verified through an experiment under the same condition. BOG was calculated based on numerical analysis verification results and the heat transfer performance was confirmed. In addition, the generated thermal stress and thermal deformation changes were observed by implementing the temperature distribution obtained through the thermal analysis in thermalstructure coupling analysis. Accordingly, the structural safety of a vacuum-insulated pipe was evaluated.
Introduction
Nowadays, the need of natural gas for energy production and its worldwide demand is gradually increasing compared to oil. Accordingly, many studies have been conducted for liquefied natural gas (LNG) transport and supply [1, 2] . As LNG is liquefied at a temperature of -179, it is transported through pipes. Consequently, BOG (boil-off gas) is frequently generated due to the adiabatic relation outside the pipe [3, 4] . To minimize BOG, existing methods such as vacuum insulation, multi-layer insulation, and vacuum powder insulation have been used [5] . Among the existing methods, the vacuum insulation method includes the technology to prevent conduction and convection through rarefied gas. Therefore, research related to this method has been actively conducted. In particular, the vacuum insulation method has been applied to the pipes and the method using double pipes has been mainly used. This method is applied to reduce BOG by minimizing heat loss to the outside environment by vacuum through the insertion of an insulator with excellent insulation performance inside the double pipes. However, in spite of the high insulation performance, much work has not been conducted on vacuum-insulated pipes through insulation using double pipes and vacuum operation [6, 7] .
As the main design parameters, various design factors such as various types of vacuum-insulated pipes, vacuum layer thickness, vacuum strength, insulation thickness, insulator material, and insulator density (number of layers per length) affect the heat transfer of a vacuum-insulated pipe [8] . However, basic data and research related to these parameters has not been clearly presented until now.
In this study, temperature distribution was observed through thermal analysis based on the variation in the type and diameter of a vacuum-insulated pipe for a cryogenic environment and thermal analysis was verified through experiments under the same condition. BOG was calculated based on numerical analysis verification results and the heat transfer performance was confirmed. In addition, the generated thermal stress and thermal deformation changes were observed by implementing the temperature distribution obtained via the thermal analysis in thermal-structure coupling analysis to evaluate the structural safety of the vacuum insulated pipe.
Numerical Analysis
Finite Element Model. A finite element model was constructed using the pipe shape, which was shrunk to 1/16 to reduce the time required for numerical analysis. The types applied in numerical analysis are shown in Fig. 1 Insulation radiation (mm) 15
Insulator material Polyurethane Fig. 1 (a) shows the below type of the vacuum-insulated pipe, while Fig. 1 (b) shows the joint type of the vacuum-insulated pipe. 3D modeling was performed by classifying the vacuuminsulated pipe into 3 layers, i.e., vacuum layer, insulation layer, and atmosphere layer. Thermal Analysis. In this study, the heat transfer performance of the vacuum-insulated pipe for cryogenic environment was evaluated at low temperature. Meanwhile, thermal analysis was conducted to obtain the temperature distribution for thermal-structure coupling analysis. The boundary conditions for the analysis are shown in Table 2 . Since the time was varied during the actual vacuum-insulated pipe operation, transient thermal analysis was more suitable for the thermal analysis than steady-state thermal analysis. Hence, thermal analysis was conducted using transient thermal analysis. To improve the quality of the grid and shorten the time for the numerical analysis, sweep mash was employed and hexahedral grid was constructed. Sweep mash has an advantage in that a uniform grid in all areas through a specific path or rotation axis is produced. Thus, the reliability of the numerical analysis was improved. The numerical analysis was performed in a total time of 30 min, while the transient thermal analysis was conducted at a 10-s interval.
Thermal-structure Coupling Analysis. The temperature distribution obtained via the transient thermal analysis was implemented in the thermal-structure coupling analysis, while the numerical analysis was conducted after applying and fixing the forced displacement constrains at both ends of the vacuum-insulated pipe. The boundary conditions for the thermal-structure coupling analysis of the vacuum-insulated pipe for analyzing the thermal stress and thermal deformation are shown in Table 3 . Table 3 . Boundary conditions of thermal-structure coupling analysis. Internal pressure 320bar Vacuum pressure 10 -3 Torr (-6.6661e-7 MPa)
Experiment
Temperature Measurement in Vacuum-insulated Pipe. Since it was difficult to rely on the result obtained through a simple numerical analysis process, the numerical analysis result had to be verified through an experiment. Hence, temperature data was obtained by measuring the temperature distribution of the vacuum-insulated pipe. The experimental details are shown in Fig. 2 . The actual experimental condition of the vacuum-insulated pipe is shown in Fig. 2 (a) , while the cross-section of the temperature measurement is shown in Fig. 2 (b) . In addition, the boundary conditions used in the experiment are presented in Table 4 . To reduce the error during measurement, an adhesive thermocouple was used (9). Boil-off Gas Theory. For BOG calculation, the temperature was measured at 4 locations, as shown in Fig. 2 . Accordingly, BOG was calculated using equation 1 based on T 1 , T 2 , T 3 , T 4 and r 1 , r 2 , r 3 . A slight difference of approximately 1°C was observed between the temperature distribution results obtained via the numerical analysis and those obtained via the experiment. However, since the error value also appeared to be less than 7%, it can be concluded that the numerical analysis result is reliable. Since this experiment and numerical analysis only considered the variation in diameter and type of vacuum-insulated pipe, further research on the experimental and numerical analysis approach methods using various variables is required.
Structural Safety Evaluation
BOG Result Obtained Via Thermal Analysis. Through implementation of the previous numerical analysis verification, BOG was calculated using Eq. 1; the results are shown in Fig. 4 . Fig. 4 (a) shows the calculated BOG obtained using temperature distribution obtained via the numerical analysis, while Fig. 4 (b) shows the temperature distribution obtained via the experiment According to the BOG calculation result of the vacuum-insulated pipe, it was found that the value slightly changed at different positions. However, it was confirmed that the value was less than 0.064W/mm 2 for the bellows type. However, it was a very small value, confirming that external heat penetration or internal heat emission are negligible. Thus, the joint type is preferred over the bellows type when high heat insulating performance is required. Thermal-structure Coupling Analysis Result. The temperature distribution obtained via the thermal analysis was employed to perform a numerical analysis of thermal stress and thermal deformation. Fig. 5 shows the changes in the stress and deformation as a function of diameter size. Fig. 5 (a) and (b) represent the changes in the thermal stress and thermal deformation, respectively.
The thermal-structure coupling analysis results showed that the maximum thermal stress of 228.34MPa was observed at both ends of the joint type, while thermal deformation of 0.1 mm occurred. For the bellows type, the maximum thermal stress of 215.52MPa was concentrated at the central part and the thermal deformation of 0.09mm also occurred in the central pipe. This showed that the temperature of the internal fluid was cryogenic, which affected the thermal stress and thermal deformation under the actual operational condition. However, the maximum stress of 228.34 MPa in each type was much lower than the allowable stress of each material, and the deformation rate was less than 0.1mm, confirming the structural safety. In addition, the joint type exhibited greater stress and deformation changes than the bellows type. Excluding the heat transfer performance, it can be concluded that the bellows type is effective in structural safety-focused design. Since this is the case of a single model, additional studies are required. 
Conclusions
In this study, the verification of a numerical analysis was performed based on the temperature measurement and numerical analysis of the vacuum-insulated pipe. Based on this verification, BOG was investigated. The conclusions obtained from the evaluation of structural safety through the thermal-structure coupling analysis are as follows.
(1) The difference between the temperature difference results obtained via the experiment and thermal analysis for the vacuum-insulated pipe was within 5% error. This result can be utilized as a basis for the design of a vacuum-insulated pipe through the verification of the numerical analysis.
(2) The BOG calculation results of the vacuum-insulated pipe through the thermal analysis showed that the bellows type has higher BOG that the joint type. Hence, the joint type significantly improved the thermal insulation in the design of a vacuum thermal-insulated pipe.
(3) The thermal-structure coupling analysis results showed that the joint type exhibited a stress of 228.34 MPa and had a deformation rate 0.1mm higher than that of the bellows type. However, since these values were below the yield strength of the materials, it is deemed structurally safe.
(4) In this study, only the type and diameter of the pipe are varied; however further studies are required in accordance with various design parameters, such as the variation in the pipe connection, curved part of the pipe, insulation material performance, and degree of vacuum strength.
